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Abstract
Exosomes and other extracellular vesicles have been gaining interest during the last decade due to 
their emerging role in biology and, disease pathogenesis and their biomarker potential. Almost all 
published research related to exosomes and other extracellular vesicles include some form of 
physical characterization. Therefore, these vesicles should be precisely profiled and characterized 
physically before studying their biological role as intercellular messengers, biomarkers or 
therapeutic tools. Using a combination of light scattering techniques, including dynamic light 
scattering (DLS) and multi-angle laser light scattering combined with size exclusion separation 
(SEC-MALLS), we physically characterized and compared distinct extracellular vesicles derived 
from the apical secretions of two different cultured airway epithelial cells. The results indicated 
that epithelial cells release vesicles with distinct physical properties and sizes. Human primary 
tracheobronchial cell culture (HTBE) derived vesicles have a hydrodynamic radius (Rh) of 
approximately 340 nm while their radius of gyration (Rg) is approximately 200 nm. Electron 
microscopy analysis, however, revealed that their spherical component is 40-100 nm in size, and 
they carry filamentous, entangled membrane mucins on their surface that increases their overall 
radius. The mucin decoration on the surface defines their size and charge as measured using light 
scattering techniques. Their surface properties mirror the properties of the cells from which they 
are derived. This may provide a unique tool for researchers to elucidate the unanswered questions 
in normal airway biology and innate and adaptive defense, including the remodeling of airways 
during inflammation, tumorigenesis and metastasis.
1. Introduction
Exosomes and other extracellular vesicles have been gaining interest during the last decade 
due to their emerging role in inter-cellular communication (1, 2), immune modulation (3, 4) 
and as potential diagnostic in various disease-related conditions (5-7). Exosomes, enclosed 
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by a phospholipid bilayer, originate in the late endosomal compartment from the inward 
budding of multi-vesicular bodies (MVBs) (8). Using electron microscopy (EM), these 
MVBs were observed to bud from the plasma membrane, leading to the secretion of the 
internal vesicles into the extracellular environment (9, 10). Other extracellular vesicles, 
however, either fuse from plasma membrane or are shed from polarized epithelia e.g. 
microvilli (11, 12). Exosomes and other extracellular vesicles are generally isolated using 
differential centrifugation, column chromatography, filtration or polymeric precipitation and 
are characterized by a variety of methods including light scattering, particle tracking 
analysis and EM. Additionally, their cargo is identified via proteomics and miRNA/mRNA 
analysis. The physical and molecular characteristics of exosomes and other extracellular 
vesicles depends on the system from which they are derived. They are released into the 
extracellular space by various cell types including epithelial cells, immune cells, 
reticulocytes and tumor cells, and are also found in body fluids including saliva (13, 14), 
urine (15), broncho-alveolar lavage fluid (BALF) (16), airway (17) and cervical mucus (18) 
plasma (19), and amniotic fluid (20). They carry cargo that contains a distinct set of proteins 
(21), lipids (22), and RNA (miRNAs, mRNAs) (23). These molecules, which may be a 
signature of their parent cell, can be horizontally transferred to neighboring cells and thus 
serve as mediators of intercellular signaling and cellular response.
Secretions from tracheobronchial epithelial cells contain hundreds of innate immune 
molecules that are released from different types of cells, e.g., secretory and ciliated. These 
cells also release exosomes and other extracellular vesicles that may be involved in diverse 
physiological processes in airway biology and in innate (17), and adaptive (24) immune 
response. Previous studies reported that there is increased vesicle release by bronchial 
epithelial cells in cystic fibrosis patients (25), and from the lungs of asthmatic patients which 
induced proliferation and chemotaxis of undifferentiated monocytes (26). In our previous 
study, we demonstrated that exosomes derived from human HTBE epithelial cells could 
neutralize human influenza A virus (17) through their sialic acid moieties.
Research on exosomes and other secreted membrane vesicles has expanded in the last 
decade due to their putative role in therapeutics (27), disease pathogenesis (28) and 
biomarker discovery (29, 30). These vesicles should be precisely characterized biophysically 
prior to investigating their role as intercellular messengers, biomarkers or therapeutic tools. 
In this study, we physically characterized and compared the vesicles isolated from the apical 
secretions of two different cultured human primary airway epithelial cells (HTBE) and the 
Calu-3 cell line using three different techniques; Dynamic Light Scattering (DLS), Multi-
Angle Laser Light Scattering combined with size exclusion chromatography (SEC-MALLS) 
and Nanoparticle Tracking Analysis (NTA).
2. Material and Method
2.1 Cell Culture
Two different airway cell culture systems that secrete mucus were used in this study: human 
tracheobronchial epithelial cells (HTBE) and the airway epithelial Calu-3 cell line. Primary 
human airway epithelial cells were isolated and cultured as previously described in details 
(17, 31). Briefly, the cells were plated at a density of 600,000 cells/well on permeable 
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Transwell-Col (T-Col; 24 mm diameter) support . HTBE cultures were generated by 
provision of an air–liquid interface for 4–6 week to form well-differentiated, polarized 
cultures that resemble in vivo pseudo-stratified mucociliary epithelium. Airway epithelial 
Calu-3 cells were derived from pleural effusion associated with a human lung 
adenocarcinoma. Calu-3 cells were grown on 24-mm Transwell supports (Corning Life 
Sciences, MA, USA) and maintained at the air–liquid interface for at least three weeks, as 
previously described (32, 33). Mucus secretions were obtained by performing two sequential 
1 mL PBS washes on the apical surface of the cultures. Each wash was collected following a 
30 min incubation at 37°C. Culture washings obtained from 6 individual cultures were 
pooled and centrifuged at 3000 g for 10 min to remove the dead cells. Washings were 
subsequently subjected to differential sedimentation to isolate the exosomes as described 
below.
2.2 Isolation of Exosomes
Exosomes were isolated using differential centrifugation (17) from HTBE and Calu-3 
secretions, which contain complex protein content (34) and are viscous in nature. Briefly, 
the pooled HTBE and Calu-3 secretions were diluted 1:1 with PBS and were centrifuged at 
3000 g for 10 min and 10,000 g for 30 min to eliminate cell debris and other particles. The 
exosomal vesicles were subsequently pelleted at 65,000 g. The pellet was then washed with 
PBS and pelleted again at 100,000 g. This washing procedure was repeated to remove any 
protein or mucin contaminants, which are abundant in the HTBE/Calu-3 secretions. The 
isolated vesicles were resuspended in PBS and filtered through 0.22-µm filters to eliminate 
impurities and large-sized micro-particles and spun again at 100,000 g. Finally, the exosome 
pellets were resuspended in 50 µ L of PBS and stored as 10 µL aliquots at −30° C until 
further characterization analyses.
2.3 Characterization of Exosomes
2.3.1 Dynamic Light Scattering—The size and zeta potential measurements were 
conducted using a Zetasizer Nano ZS system (Malvern Instruments, Malvern, U.K.). The 
dynamic light scattering technique analyzes the velocity distribution of particle movement 
by measuring the dynamic fluctuations of scattered light intensity at a fixed angle (173°) 
caused by the Brownian motion of the particle. It assesses the particle perpendicular to the 
light source at that instant, yielding the particle’s hydrodynamic radius (Rh), or diameter, 
calculated via the Stokes-Einstein equation (35). DLS also uses a laser that passes through 
the sample to measure the velocity of the particles in an applied electric field of a known 
value called the electrophoretic mobility. For DLS measurements, 10 µL exosome aliquots 
were diluted in 990 µL of PBS (1:100) and then gently mixed to provide a homogeneous 
solution, and then 1 mL was transferred to a disposable cuvette for size measurements. For 
Zeta potential measurements, 10 µL exosome aliquot was diluted in 990 µL of water (1:100) 
and then transferred to a Malvern Clear Zeta Potential cell. Three independent aliquots were 
analyzed and three measurements were taken for each aliquots.
The data were acquired and analyzed using Dispersion Technology Software (DTS) (V7.01) 
supplied by the Malvern Zetasizer Nano-ZS.For the particle sizing in solution (DLS), the 
software provides multiple aspects and interpretations of the data collected for the sample 
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such as intensity, volume, and number distribution graphs as well as a statistical analysis for 
each. The mean particle diameter is calculated from the particle distributions measured, and 
the polydispersity index (PdI) given is a measure of the size ranges present in the solution.
2.3.2 SEC-MALLS analysis—Ten microliter aliquots from the exosome preparations 
were diluted in 1000 µL PBS. A 500 µ L aliquot was injected and chromatographed on a 
Sepharose CL-2B column (15×2.5 cm, GE healthcare life sciences) and eluted with 0.2 M 
NaCl at a flow rate of 500 µ l/min. The column effluent was passed through an inline Dawn 
DSP laser photometer coupled to a Wyatt/Optilab 903 inferometric refractometer (Wyatt 
Technologies, Santa Barbara, CA, USA) to measure the molecular weight/radius of gyration 
and absolute sample concentration. Light scattering measurements were taken continuously 
at 18 angles between 15° and 151°; the captured data were integrated and analyzed using the 
Astra software provided with the Dawn photometer.
2.3.3 Nanoparticle Tracking Analysis (NTA)—The detailed characterization of 
exosomes using NTA is covered as another topic this issue of the Methods. In this study we 
also used NTA for size and concentration analysis of the isolated exosomes using a 
NanoSight NS300 instrument equipped with NTA 3.0 analytical software. Each experiment 
was carried out in triplicate. Each sample was diluted in PBS (1:1000), and mixed before 
introduction into the sample chamber using a syringe pump with a constant flow rate. Three 
video recordings, of 60 sec each were initiated. A combination of shutter speed and gain 
followed by manual focusing enables optimum visualization of a maximum number of 
vesicles. To accurately track the vesicles they were visualized as single points of light. The 
samples were advanced between each recording to perform replicate measurements. The 
NTA post-acquisition settings were optimized and kept constant between the samples, and 
each video was then analyzed to give the mean, mode, and median vesicle size together with 
an estimate of the concentration (36).
2.3.4 Electron Microscopy—For electron microscopy (EM) analysis, a one microliter 
aliquot from the exosome preparation was diluted in 1000 µL of PBS (37). The exosome 
preparation was fixed with 0.6% glutaraldehyde for 4 minutes and deposited on a thin 
carbon-coated grid for 5 minutes. The vesicle-coated grids were washed twice with distilled 
water (1 min each), stained with 2% uranyl acetate; and then viewed with transmission EM 
(TEM) using a Zeiss EM900 microscope (Carl Zeiss, Oberkochen, Germany). Digital 
images were taken at 63,000-100,000 magnification.
3. Results and discussion
3.1. Physical profiling of airway extracellular vesicles
Dynamic and static light scattering characterization of vesicles—Hydrodynamic 
radius (Rh) of the exosomes was calculated by DLS measurements. The average size in DLS 
was 342 nm with a polydispersity index (PDI) of 0.426 for HTBE exosomes and 165 nm 
(PDI = 0.281) for Calu-3 exosomes (Fig.1). The polydispersity index (PDI) was higher for 
HTBE exosomes indicating a relatively multimodal particle size distribution (figure 1). This 
may be because the primary human cells that were used in this study are morphologically 
heterogeneous and thus their exosomes might also be of variable size and shape. 
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Furthermore, the radius of gyration (Rg) of the isolated secretory vesicles was measured 
using static light scattering (MALLS). The angular dependence of scattered light intensity is 
used to determine the radius of gyration in solution. SEC-MALLS was performed after 
chromatography on a CL-2B size exclusion column. The exosome preparations were 
subjected to chromatographic separation on sepharose CL-2B and the average size Rg and 
molecular weight (Mr) distribution were determined across the void peak where the 
exosomes were eluted on-line MALLS measurements (figure 2). The measurements 
indicated that the HTBE vesicles are somewhat monodisperse in size (Rg 200.1 ± 3.0 nm) a 
with very high average molecular mass (Mr 7.2×107 ±6.973%). As predicted, the Rg of the 
HTBE exosomes were smaller than the Rh measurement obtained from the DLS analysis. 
The Rg/Rh was typically 0.58 which is less than the expected value of a sphere (~0.77) and 
coils (~0.82). This result might be because of the heterogeneous mixture of the surface 
mucins radiating from the surface of the vesicles with variable distance (figure 4). MALLS 
measurements also confirmed that Calu-3 derived exosomes are smaller in size Rg: 140.2 
(±7.8%) nm with an average molecular mass of Mr 3.875×107. The Rg/Rh of the Calu-3 
exosomes was 0.84 closer to the expected value of a sphere (~0.77).
NTA measurement is a relatively recently developed technique that determined the size and 
count of extracellular vesicles (36, 38) and other particles. Here, NTA was performed to 
determine the size of the vesicles isolated from the two airway cell culture systems. The size 
distribution of the HTBE exosomes was broader according to this measurement, from 250 
nm to 535 nm with an average size 335 nm. The Calu-3 vesicles, however, displayed a 
monodisperse distribution between 75 nm and 196 nm with an average size of 135 nm. 
Although closer, the NTA measurements indicated slightly smaller sizes for both the HTBE 
and Calu-3 vesicles. This finding might be because the DLS measurements are biased 
toward larger particles while the NTA focuses on all the particles in the field being the 
measured (39).
Reports from previous studies suggest a range of exosome sizes – between 40 to120 nm 
depending on the measurement method and the system from which they were isolated (2, 17, 
30, 40). Typically vesicles larger than 100-120 nm in size are considered to be exosome-like 
vesicles or called microparticles (41). Although our DLS measurements indicate relatively 
larger sized vesicles than previously documented, further EM pictures clarified the 
difference. Typically, HTBE vesicles/exosomes displayed approximately 40-100 nm cup-
shaped spheres with some displaying 100-300 nm entangled filaments emanating from their 
surface reminiscent of membrane-tethered mucins. Hence, the measurements using light 
scattering techniques revealed a much greater particle size for the HTBE exosomes (200-400 
nm). The Calu-3 exosomes were much smaller and displayed a more typical exosome-like 
size as observed by EM and measured using light scattering. Some of the Calu-3 derived 
vesicles also displayed mucin decoration on their surface.
We have previously shown that HTBE exosomes have membrane tethered mucin, 
predominantly MUC1 (17). Other airway membrane mucins, including MUC4 and MUC16 
might also be a part of the surface structure. Electron microscopy analysis confirms this 
observation by illustrating filamentous and entangled structures of different sizes on the 
vesicle surfaces. Figure 4 shows how the surface structures affect the size measurements. 
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This figure compares the light scattering measurements of the HTBE exosomes using the 
DLS and MALLS techniques. As illustrated the actual vesicular sphere is approximately 100 
nm. The MALLS measurements, however, also included the entangled mucin decoration in 
the estimation. The hydrodynamic radius of this particular vesicle is equal to the radius of a 
sphere with the same diffusion coefficient as shown with the dotted line at the left panel. 
The radius of gyration, on the other hand, is calculated from the mean distance of each 
radiated point (solid lines, R1-R6) from the center of the vesicle at the right panel. DLS 
measured the Rh as 342 nm while MALLS measured Rg as 200 nm. The Rg/Rh is typically 
0.6 for the vesicles confirming sphere-like structure.
DLS has been extensively used for characterizations of nanoparticles and liposomes and can 
be employed to study vesicle size and distributions. This method is able to detect and 
quantify the size increase after vesicle aggregation and fusion. Compared to single-particle 
imaging techniques, like EM, light scattering obtains information averaged over a fairly 
large number of particles in a short amount of time. This enables the investigation of a large 
number of samples in a batch. Furthermore, the amount of sample required is small and 
reusable. The sample preparation is simple without involving any invasive steps. However, 
DLS is not without disadvantages. The low refractive index of the vesicles and a bias toward 
the detection of larger particles when used with heterogeneous solutions can be a drawback 
when assessing extracellular vesicle.
Zeta potential measurements in liquid reveal the distribution charge density of the molecules 
and particles – values closer to zero indicate a lower charge. Here we also measured the 
surface charge of the vesicles derived from airway epithelial cells (table 1). The results 
indicated that the zeta potential for the HTBE vesicles was on average of −35.6 +/− 1.3 mV, 
compared the Calu-3 exosomes’ potential −31.0 +/− 1.1 mV. Previous studies indicated a 
zeta potential range from −8 mV to 54 mV for exosomes isolated from different cancer and 
normal cells (42). The high negative zeta potential of the airway epithelial cells derived 
vesicles may be due to negatively charged mucins. Sialic acid residues present at the 
terminal positions of mucins, glycolipids, and other glycoproteins, which have an ionized 
carboxylate at physiological pH are a major contributor to the net negative charge in 
biological cells. The amount of sialic acids on an exosome surface may be close to that of 
the parent cell surface because the glycoproteins of endosomes are supplied from the same 
organelle and plasma membrane. We previously reported that HTBE derived exosomes-like 
vesicles are enriched with 2,6 sialic acid on their surface which gives them a unique innate 
immune function to neutralize the influenza A virus (17).
4- Concluding remarks
Exosomes and other extracellular vesicles related research is increasing because of their 
potential role in disease pathogenesis and biomarker discovery. Almost all scientific studies 
related to extracellular vesicles report some type of physical characterization; however, to 
date, exosome research has been limited by a lack of standardized methods for biophysical 
profiling. Light scattering techniques such as DLS, MALLS, and, more recently, NTA have 
been successfully implemented in the field of exosome and other extracellular vesicle 
research. The light scattering techniques allow specific exosomes and microvesicles in the 
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range of 40-1000 nm in a liquid suspension to be measured; however, due to the diversity of 
the vesicles released from different cell types light scattering-based physical measurements 
should also be confirmed visually using electron microscopy. Here, we provide an example 
of this suggestion. HTBE vesicles have an approximately 340 nm Rh according to the DLS 
measurement and a 200 nm Rg based upon the MALLS measurements. These values are not 
suggestive of the previously documented exosomal size, which is typically 40-120 nm. 
Electron microscopy analysis, however, clearly showed that the spherical parts of the 
vesicles were approximately 100 nm (figure 4). Because they carry large filamentous 
entangled structures on their surface, i.e., membrane bound mucins, their actual light 
scattering based measurement was much larger. Using a combination of techniques, we 
show here that exosomes derived from cultured airway epithelial cells contain different sizes 
of membrane-tethered mucins which can alter the physical properties of the structures and 
affect their measured size, conformation and charges. From a biological and innate mucosal 
defense perspective, surface mucins carry sites (i.e., sugars) for specific interactions between 
vesicles and inhaled insults and/or host cells. Thus, their function is critical in normal airway 
biology and in the pathogenesis of a wide range of diseases, from chronic inflammatory 
diseases to cancer.
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Exosomes should be characterized physically before studying their biological role
Airway epithelial cells release vesicles with distinct physical properties and sizes
HTBE exosomes have a hydrodynamic radius of 340 nm and radius of gyration is 200 
nm
EM, however, shows their spherical component is 40-100 nm in size
They carry entangled membrane mucins on their surface that defines their radius and 
function
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Figure 1. Size distribution of HTBE and Calu-3 vesicles
Percentage intensity size distribution of exosomes from Calu-3 (dashed lines) and HTBE 
(solid lines) cells by dynamic light scattering. Ten microliter of an exosome aliquot was 
diluted in 990 µ l of PBS and transferred to a disposable cuvette. Three DLS data sets were 
acquired and the mean particle diameter is calculated using the DTS (V7.01) software. The 
average size of Calu-3 exosomes is 165 nm and of HTBE exosomes is 342 nm.
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Figure 2. SEC-MALLS analysis of HTBE and Calu-3 vesicles
Isolated vesicles were separated by chromatography on a Sepharose CL-2B column at a flow 
rate of 0.5 mL/min in 0.2 M NaCl and the effluent was monitored for 18 light scattering 
angle to determine size and refractive index to determine samples concentration (solid lines). 
Radius of gyration measurements (Rg, dotted lines) were plotted across the (Vo) exosome 
peak (solid lines). The HTBE exosomes displayed an average Rg of 202 nm (Red), while the 
Calu-3 exosomes displayed an average Rg of 145 nm (blue) across the distribution.
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Figure 3. NTA of HTBE and Calu-3 vesicles
Size distribution curve of extracellular vesicles from a) HTBE cells, and b) Calu-3 cells, 
using NanoSight. Each experiment was carried out in triplicate. The samples were diluted in 
PBS (1:1000) and mixed before introduction into the sample chamber using a syringe pump 
with a constant flow rate. Three video recordings, of 60 sec each were initiated. A 
combination of shutter speed and gain followed by manual focusing enables optimum 
visualization of a maximum number of vesicles. NTA post-acquisition settings were 
optimized and kept constant between the samples, and each video was then analyzed to give 
the mean, mode, and median vesicle size together with an estimate of the concentration.
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Figure 4. Illustration of two light scattering measurements of HTBE exosomes (with mucin 
decoration on the surface) using DLS (left) and MALLS (right) techniques
As can be estimated from the picture the actual vesicular sphere is approximately 100 nm. 
The light scattering measurements, however, also include the mucin decoration in the 
estimate. Left: The hydrodynamic radius (Rh) of this particular vesicle will be equal to the 
radius of a sphere with the same diffusion coefficient as shown with the dotted line. Right: 
The radius of gyration (mean square root, MSR) is calculated using the mean distance of 
each radiated point (solid lines, R1-R6) from the center of the vesicle. DLS measures the Rh 
to be 340 nm, while MALLS measured the Rh to be 200 nm. The Rg/Rh is typically 0.6 for 
these vesicles.
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Table 1
Zeta potential measurement of HTBE and Calu-3 vesicles using DLS.
Sample 1 2 3 Z-average
HBE vesicles −35.3 −36.7 −34.8 −35.6
Calu-3 vesicles −29.3 −32.7 −31.1 −31.0
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